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Abstract: Materials with sheet-like morphologies are highly 
desirable candidates for energy storage and conversion applications 
due to the confined atomic thickness and high surface area, which 
would largely improve the electrochemical reaction kinetics. In this 
work, the sodium storage performance of TiSe2 nanosheets and 
corresponding sodiation/desodiation reaction mechanism are studied 
for the first time. TiSe2 nanosheets are readily exfoliated from bulk 
TiSe2 after quick ultrasonication or grinding. The TiSe2 nanosheets 
exhibit a reversible capacity of 147 mAh g-1 at 0.1 A g-1, and show 
excellent rate capability with a capacity of 103 mAh g-1 at an ultra-
high current density of 10.0 A g-1. The combined in-situ XRD and ex-
situ HRTEM results suggest that sodium storage in TiSe2 is 
achieved through a multi-step intercalation/deintercalation 
mechanism. Besides, TiSe2 might be a promising 2D nanomaterial 
platform for other energy and electronic applications due to its easy 
exfoliation and unique physicochemical properties. 
Introduction 
Sodium ion batteries (SIBs) recently have received considerable 
attention as one of the most promising alternatives to lithium ion 
batteries (LIBs) for energy storage due to the abundance of 
sodium resources.1-3 However, due to the larger ionic radius of 
Na+ as compared with Li+, the sodiation/desodiation reaction 
shows very sluggish kintics, and it is a great challenge to 
develop practical electrodes showing high capacity, fast and 
durable sodium storage behavior. Currently, exploring high-
performance electrodes is becoming the most critical issue for 
the further development of SIBs.4-7  
Recently, Two-dimensional (2D) nanomaterials and other 
materials with sheet-like morphologies are emerging fast into 
energy and electronic fields owing to the unique 
physicochemical properties compared with their bulk 
counterparts, mainly including confined atomic thickness, high 
specific surface area and quantum confinement of electrons in 
2D plane.8-9 Graphene, the most typical 2D nanomaterial, has 
been successfully applied in energy storage and conversion 
technologies, especially lithium-ion batteries (LIBs), sodium-ion 
batteries (SIBs),10-11 and supercapacitors (SCs).12-15 Many 
transition metal dichalcogenides (TMDs) also have layered 
structure and they have been widely explored as electrode 
materials for SIBs because the presence of d-orbital electrons of 
transition metals and their layered structure facilitate the 
intercalation of alkali metal cations.16-19 In order to fulfil the full 
potential for sodium storage, lots of efforts have been put into 
synthesizing TMD nanosheets and the related composites. As 
one of the most studied TMDs, MoS2 has been widely studied as 
the anode for SIBs, delivering very attractive electrochemical 
performance.20-22 MoSe2, an analogue to MoS2, is expected to 
have higher coulombic efficiency and electronic conductivity 
because of its larger interlayer space and smaller band gap.23-24 
Xie et al. reported the enhanced performance of C-MoSe2-rGO 
for sodium storage, and a high specific capacity of 445 mAh g-1 
at 200 mA g-1 after 350 cycles was achieved, with an initial 
coulombic efficiency of ~62.4%.25 TiS2 is another popular 
electrode material among TMDs and was extensively 
investigated as LIBs electrode.26-27 Liu et al. recently reported 
thin TiS2 nanoplates as SIBs cathode, delivering satisfying 
sodium storage performance (~100 mAh g-1 at 10 C) based on 
the reversible intercalation/deintercalation of Na+.28 TiSe2, with a 
larger interlayer spacing (0.601 nm) over TiS2 (0.569 nm) and 
better electronic conductivity,29 is expected to be superior to TiS2 
for fast intercalation/deintercalation of alkali metal cations. Gu et 
al. reported that the d-p orbital hybridization in TiSe2 is a 
possible key factor to realize reversible intercalation of Mg2+ into 
TiSe2.30 As inspired by all these previous reports, TiSe2 
nanosheets are expected to be promising electrode materials for 
SIBs. To our best knowledge, the sodium storage capability and 
sodiation/desodiation mechanism of TiSe2 has not been reported 
yet. Herein, TiSe2 bulk powders were synthesised by solid state 
reaction and were found to be extremely easily exfoliated into 
nanosheets by ultrasonication or grinding within a very short 
period of time. The sodiation/desodiation reaction mechanism of 
TiSe2 was studied for the first time and a multi-step process was 
observed. The TiSe2 nanosheets electrode delivers a reversible 
capacity of 147 mAh g-1 at a current density of 0.1 A g-1, and 
shows very attractive rate capability (110 and 103 mAh g-1 at 5.0 
and 10.0 A g-1, respectively) as well as cycling performance (115 
mAh g-1 during the 500th cycle at 0.5  A g-1).  
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Results and Discussion 
The XRD pattern of the as-prepared powders is presented in 
Figure 1a. All the diffraction peaks can be assigned to TiSe2 
with hexagonal structure (JCPDS No. 30-1383), and no impurity 
phases can be found. XPS analysis was performed to further 
confirm the chemical composition of TiSe2 powders (Figure S1, 
Supporting Information). In the Ti XPS spectrum, the peak at 
456.5 and 463.5 eV is ascribed to Ti 2P3/2 and 2P1/2 of Ti4+, 
respectively.31 The peak at 54.0 eV in the Se spectrum can be 
assigned to Se 3d of Se2- while the peak at 58.5eV corresponds 
to Se 3d5/2 of Se4+ that might originate from the surface oxidation 
of the sample.32-33 As shown in Figure S2a (Supporting 
Information), the plate-like TiSe2 particles (around 200 nm in 
thickness and 1 µm in lateral size) loosely agglomerate together 
in the as-prepared powders. TiSe2 powders are exfoliated into 
nanosheets after ultrasonication in EtOH for 5 min during 
preparing TEM samples (Figure 1b, Figure S2b). The detailed 
characterization of TiSe2 nanosheets was conducted by 
scanning transmission electron microscope (STEM) as shown in 
Figure 1c and 1d. The nanosheet is about 17 nm in thickness 
and contains ca. 28 TiSe2 layers. And the lattice spacing is 
determined to be 0.61 nm, corresponding to the (001) crystal 
planes. The high-resolution high angle annular dark field-STEM 
(HAADF-STEM) image presented in Figure 1d is consistent with 
the crystal mode viewed along the [100] axis (inset in Figure 1d), 
which clearly reflects the typical Se-Ti-Se sandwich structure at 
the atomic level. 
 
 
Figure 1. (a) XRD pattern of TiSe2 bulk powders, (b) TEM image of TiSe2 
nanosheets, (c) STEM image of one single TiSe2 nanosheet along [100] zone 
axis and the corresponding FFT image (d) HAADF-STEM image of TiSe2 
nanosheet and the corresponding crystal mode. 
 
Generally, it takes several hours or even longer time to prepare 
TMDs nanosheets by the typical liquid exfoliation process. In our 
case, bulk TiSe2 powders can be exfoliated into nanosheets 
after unltrasonication in EtOH for just 5 min as discussed above. 
The exfoliation and dispersion of TiSe2 nanosheets were further 
evaluated in several other solvents, including DMF, methanol, 
NMP, and acetone etc. It is found that the bulk TiSe2 powders 
can also be easily exfoliated in NMP and DMF after 
ultrasonication in a very short period of time, as evidenced by 
the digital picture of the TiSe2 suspensions in various solvents 
(Figure S3a, Supporting Information). Moreover, the TiSe2 
suspensions with EtOH, NMP and DMF solvents still keep stable 
overnight (Figure S3b, Supporting Information). The TEM 
images of the exfoliated nanosheets (Figure 2a-c) confirm the 
successfully exfoliation of the TiSe2. The results suggest that 
liquid exfoliation in particular with EtOH solvent is an effective 
way to prepare TiSe2 nanosheets in large scale, and TiSe2 might 
work as a very promising 2D nanomaterial platform for energy 
and electronic applications. The reason for the easy exfoliation 
of TiSe2 may derive from the relatively weaker van der Waals 
forces between interlayers. T. Bjorkman et al. calculated the 
interlayer binding and exfoliation energies for a large number of 
layered compounds, and the results proved that the interlayer 
binding energy of TiSe2 was smaller than those of most TMD 
materials.34 Meanwhile, the bulk TiSe2 powders can be readily 
delaminated into nanosheets only by grinding using mortar and 
pestle for 5 min, as shown in Figure 2d. In this work, TiSe2 
powders are ground firstly and then mixed homogenously with 
carbon nanotubes and PVDF in NMP to prepare TiSe2 electrode 
slurry. This unique nanostructure would play a vital role in 
achieving shortened ion diffusion pathways, abundant 
electrode/electrolyte contact and sufficient electrochemically 
active sites, thereby resulting in enhanced sodiation/desodiation 
reaction kinetics. 
 
 
Figure 2. TEM images of TiSe2 nanosheets exfoliated in different solvents: (a) 
DMF, (b) NMP and (c) Acetone; (d) TEM image of TiSe2 nanosheets after 
grinding bulk TiSe2 using mortar and pestle for 5 min.  
 
As a proof-of-concept demonstration, the sodium storage 
performance of TiSe2 nanosheets was evaluated with sodium foil 
as counter electrode. To unravel the sodiation/desodiation 
mechanism of TiSe2, in-situ XRD upon the initial two cycles was 
conducted as shown in Figure 3a, and the peaks’ shift is shown 
clearly in the overall in-situ XRD image (Figure S4, Supporting 
Information). A three-stage discharge process is observed 
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accompanied with sodium intercalation. A new phase 
Na0.32TiSe2 (JCPDS No. 32-1181) with similar hexagonal 
structure is firstly formed when the voltage reaches 1.7 V. Then, 
as the cell is discharged to 1.5 V, a second new phase indexed 
to Na0.72TiSe2 (JCPDS No. 32-1182) is obtained, the structure of 
which is also hexagonal with larger interlayer space.35 When the 
cell is discharged to 1.0V, NaTiSe2 is eventually formed.  
 
 
Figure 3. (a) In-situ XRD pattern of TiSe2 electrode during initial two cycles, 
(b) HRTEM image of NaTiSe2 at the end of the first discharge and (c) the 
corresponding FFT pattern, (d) HRTEM image of TiSe2 with enlarged 
interlayer space at the end of the first charge and (e) the corresponding FFT 
pattern. 
 
The formation of hexagonal NaTiSe2 with P63mmc space group 
is also confirmed by the ex-situ HRTEM result and 
corresponding fast Fourier transform (FFT) pattern, as shown in 
Figure 3b. The lattice spacing of 0.28 and 0.25 nm can be 
assigned to the (1̅02)  and (006) planes of NaTiSe2. In the 
following charge process, NaTiSe2 is transformed to Na0.72TiSe2 
firstly and then Na0.32TiSe2 as the charge process goes on. At 
the end of the charge process, TiSe2 with (001) orientation and 
larger interlayer space is formed due to the exfoliation of TiSe2 
during the sodiation/desodiation process. The intercalation of 
alkaline ions is a widely deployed approach for exfoliation of 2D 
TMDs nanosheets.36-37 As can be seen from both the HRTEM 
and FFT results (Figure 3d), the interlayer spacing of (100) 
increases to be 0.32 nm. Furthermore, the FFT shows a spot 
pattern along the [001] zone axis, indicating the exposure of 
(001) facets. These phenomena are in perfect consistence with 
the in-situ XRD results, where only the (001) diffraction peak of 
TiSe2 are preserved and shifts to low angle after full charging. 
Besides the characteristic peak of TiSe2, there are two 
unidentified peaks located at 11.9o and 24.1o, and this unknown 
phase might have a nominal composition of NaxTiSe2 (x<0.1) as 
estimated based on the reversible charge capacity, which needs 
to be further investigated in the future work. Overall, the sodium 
insertion/extraction in TiSe2 may go through the following 
processes:  
First discharge: TiSe2→ Na0.32TiSe2 →Na0.72TiSe2 →NaTiSe2. 
Reversible charge/discharge: NaTiSe2 ↔ Na0.72TiSe2 
↔Na0.32TiSe2↔ TiSe2+NaxTiSe2. 
 
 
Figure 4. Electrochemical performances of TiSe2 nanosheets electrodes. (a) 
rate capability of TiSe2 nanosheets electrode, (b) the cycling performance of 
TiSe2 nanosheets electrode at different current densities of  0.3 and 0.5 A g-1. 
 
The TiSe2 nanosheets exhibit extraordinary rate performance as 
shown in Figure 4a. As the current density is gradually 
increased from 0.1 to 0.2, 0.3, 0.5, 1.0, 2.0 and 3.0 A g-1, the 
reversible capacity sightly changes from 150 to 140, 136, 131, 
125, 120 and 115 mAh g-1. Even at higher current densities of 
5.0 and 10.0 A g-1, the reversible capacity still remains to be 110 
and 103 mAh g-1, respectively. When the current density is set 
back to 0.1 A g-1, the capacity recovers to 140 mAh g-1 and 
keeps rising to 185 mAh g-1 during the following 100 cycles. The 
cycling performance is further evaluated at 0.3 and 0.5 A g-1. As 
shown in Figure 4b, the cell shows a quite exciting cycling 
performance and the capacity retains to be 150 and 115 mAh g-1 
after 500 cycles at 0.3 and 0.5 A g-1, respectively. The first-cycle 
coulombic efficiency is 86% and 92% at 0.3 and 0.5 A g-1， 
respectively, and rises to almost 100% upon cycling. Notably, 
the discharge plateau still keeps at around 1.7 and 1.4 V even at 
0.5 A g-1 (Figure S5, supporting information). The ex-situ TEM 
image shows that the nanosheets morphology is well maintained 
after cycling at 0.3 A g-1 (Figure S6, Supporting Information). It is 
worth of noting that the capacity also starts rising after around 
100 cycles, and this behaviour appears to be more significant at 
low current density. Based on the aforementioned discussion, 
TiSe2 nanosheets would be exfoliated into thinner nanosheets 
after continuously intercalation/deintercalation of sodium ions, 
creating more adsorption sites for sodium ions and shortening 
ion diffusion pathway as well, and this is one possible reason for 
capacity rising. Under this circumstance, the 
intercalation/deintercalation processes at low current densities is 
more gentle and thorough; therefore, the capacity rising 
phenomenon is more obvious at lower current densities. Similar 
phenomenon was observed in previous study of MoS2 
electrode,20 where the MoS2 layers were gradually expanded 
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and exfoliated upon cycling, resulting in smaller polarization and 
faster reaction kinetics for Na+ storage. And more efforts need to 
be made to further investigate this abnormal behaviour. 
CV curves at various scan rates from 0.1 to 2.0 mV s -1 are 
conducted to gain further insight into the electrochemical 
kinetics of TiSe2 nanosheets for sodium storage as shown in 
Figure 5a. Clearly, the CV curves at different scan rates 
display similar shape, and both cathodic and anodic current 
increase accordingly with scan rate. It is very interesting to 
note that the peak shifting is negligible upon increasing scan 
rates, demonstrating small polarization at high rate. According 
to previous studies,38-40 the measured currents (i) and the 
scan rates (v) have the following relationship: 
i = a vb          
 
 
Figure 5. (a) CV curves at different scan rates from 0.1 to 2.0 mV s-1, (b) fitted 
linear lines for log(v)-log(i) plots. 
 
The b-value can be calculated by fitting the log(v)-log(i) plots. 
Basically, b value of 1.0 represents the electrochemical 
system is dominated by capacitive process, whereas 0.5 
indicates ionic diffusion controls the whole process. The 
log(v)-log(i) plots for the TiSe2 nanosheets electrode are 
shown in Figure 5b. The b values for all five cathodic and 
anodic peaks are estimated to be over 0.8, suggesting the 
electrochemical kinetics is mainly controlled by the capacitive 
process, which leads to fast Na+ intercalation/extraction kinetics 
and hence excellent rate performance.  
Conclusions 
In summary, layered TiSe2 was, for the first time, evaluated as 
a robust electrode for SIBs. Multi-step insertion/extraction 
process of Na+ in TiSe2 is observed based on in-situ XRD and 
ex-situ HRTEM analysis. The TiSe2 electrode delivers promising 
specific capacity (147mAh g-1 at 0.1 A g-1), good rate capability 
(110 and 103 mAh g-1 at 5 and 10 A g-1), and excellent cycling 
performance (115 mAh g-1 after 500 cycles at 0.5 A g-1). Besides, 
TiSe2 can be easily delaminated into nanosheets after quick 
ultrasonication or grinding. In addition to be a promising 
electrode for SIBs, TiSe2 might work as a potential 2D material 
platform for other energy and electronic applications. 
 
Experimental Section 
Materials synthesis: TiSe2 powders were prepared by solid state 
reaction method. The stoichiometric amounts of Ti (99.98% Alfa) 
and Se (99.98% Alfa) powders were thoroughly mixed and 
sealed in an evacuated quartz tube, which was then sintered at 
570 oC for 48 h in a muffle furnace. TiSe2 nanosheets were 
acquired after grinding using mortar and pestle or ultrasonication 
in various solvents including ethanol (EtOH), dimethylformamide 
(DMF), N-Methyl-2-pyrrolidone (NMP), and acetone for 5~15 
minutes. 
Materials characterization: The X-ray diffraction (XRD) patterns 
of the TiSe2 powders were recorded using a GBC enhanced 
mini-materials analyser X-Ray diffractometer with a Cu Kα 
radiation (λ=1.541Å, 25mA, 40kV, 2o/min from 10o to 80o). The 
surface chemical state was detected by X-ray photoelectron 
spectroscopy (XPS, Phoibos 100 Analyser, SPECS, Germany, 
Al Kα X-rays), and the obtained results were fitted with the Casa 
XPS software. The morphology of the samples was observed by 
a JEOL JSM-7500FA field-emission scanning electron 
microscope (FESEM) and a JEOL 2010 transmission electron 
microscope (TEM). Scanning TEM (STEM) images were 
acquired on a probe-corrected JEOL ARM200F operated at 200 
kV equipped with a cold field emission gun and a high resolution 
pole-piece. A special battery with beryllium window was used for 
in-situ XRD tests, which were collected at a Bruker AXS D8 
Focus power X-ray Diffractometer with a Cu Kα radiation 
(λ=1.541Å). The samples were scanned from 10 to 60˚ with a 
step size of 0.1˚ and a count time of 1s.  
Electrochemical measurements: As a proof-of-concept 
demonstration, the sodium storage performances of TiSe2 were 
evaluated. The TiSe2 powders were thoroughly mixed with 
carbon nanotubes (CNTs) and polyvinyl-difluoride (PVDF) in a 
weight ratio of 7:2:1 in NMP, which were ground by mortar and 
pestle to form homogeneous slurry. The cell working electrodes 
were prepared by painting the slurry on copper foil, followed by 
vacuum drying at 80 °C overnight. The standard CR2032 coin-
type cells were assembled in an Ar-filled glove box with both 
H2O and O2 levels less than 1 ppm. Metallic Na foil was 
employed as the counter/reference electrode, and Whatman 
GF/D microfiber filter paper was used as the separator. 1 M 
NaClO4 dissolved in tetraethylene glycol dimethyl ether 
(TEGDME) was used as the electrolyte. Galvanostatic 
charge/discharge testing was conducted in the voltage range of 
1.0-3.0 V (vs. Na/Na+) at room temperature using a NEWARE 
multichannel battery test system.  
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